DUAL AXIS CAPACITIVE LEVEL SENSOR 



CHARLES E. HEGER 

BACKGROUND OF THE INVENTION 

[0001] This invention relates to a self-leveling device used, for example, to provide a level 
surface to support a laser or other light source for construction or other purposes. 

[0002] Electronic levels for use e.g. in carpentry and construction are well known; examples 
are shown in U.S. Pat. No. 4,912,662 issued to Butler, et al, U.S. Pat. No. 5,313,713 issued to 
Charles E. Heger, et al., U.S. Pat. No. 5,083,383 issued to Charles E. Heger, and U.S. Pat. No. 
5,259,1 18 issued to Charles E. Heger, all incorporated by reference. Also, projecting a level line 
on a vertical surface may be provided by emitting a leveled plane of light from a laser. The laser 
light may be leveled (relative to the Earth's gravity) by positioning, calibrating and adjusting the 
laser's orientation. Some levels project a level line by attaching a laser line generator to the shaft 
of a pendulum. Some levels provide a level line by floating a laser line generator on a liquid. 
Alternatively, some levels provide a level line by placing a laser light generator on a level 
surface. These surfaces may be leveled by requiring a user to manually adjust the orientation of 
the surface until a pair of bubbles (as in a conventional bubble level) is properly aligned. Other 
levels provide a level surface by using fluid sensors that provide signals to control leveling 
motors. 

[0003] However, it has been found by the present inventor that such approaches to provide a 
level surface to support the laser line generator require costly sensors, demand user interactions 
or utilize liquids. There is a need for a better automatic electronic sensor for electronic levels. 

SUMMARY OF THE INVENTION 

[0004] A capacitive sensor is provided including a plurality of capacitors, each of the 
capacitors having a first electrode fixed to a body and a second electrode on a pendulum 
suspended from the body, wherein a variable distance (capacitance) between the first electrode 
and second electrode is indicative of a variable angular position of the pendulum. A single 
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conductive surface of the pendulum may form a common second electrode for each of the 
plurality of capacitors. 

[0005] A capacitive sensor is also provided including a plurality of variable capacitors and 
electronic circuitry to determine a relationship among capacitances of the variable capacitors. A 
capacitive relationship between or among capacitors may be used to determine a direction of tilt 
or an angle of tilt of a reference surface along one or two axis. 

[0006] A leveling device is provided to level a surface, the leveling device including a 
capacitive sensor coupled to one or more mechanical actuators. 

[0007] The features and advantages of the present invention will become more fully 
understood from the following detailed description and accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0008] FIGURES 1 A and IB show block diagrams of a capacitive based level in accordance 
with the present invention. 

[0009] FIGURE 2 shows a block diagram of a capacitive sensor in accordance with the 
present invention. 

[0010] FIGURE 3 shows a cross-sectional diagram of a pendulum-capacitor assembly in 
accordance with the present invention. 

[001 1] FIGURES 4 A through 4F show plan views of various capacitive sensors in 
accordance with the present invention. 

[0012] FIGURES 5 through 7 illustrate perspective views of a capacitive sensor in 
accordance with the present invention. 

[0013] FIGURE 8 shows a cross-section through a circular mid-point of a pendulum- 
capacitor assembly in accordance with the present invention. 
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[0014] FIGURES 9A and 9B are waveform diagrams that show respective potentials across a 
differential pair of capacitors. 

[0015] FIGURE 10 illustrates in a flow chart a method to determine which direction to tilt an 
assembly in accordance with the present invention. 

[0016] FIGURE 1 1 shows an example embodiment of the signal processing circuitry for 
processing roll and pitch signals from differential capacitors in accordance with the present 
invention. 

[0017] FIGURES 12A and 12B are waveform diagrams that show respective potentials 
across a differential pair of capacitors in accordance with the present invention. 

[0018] FIGURE 13 illustrates a method as carried out by a microprocessor to determine a 
magnitude and a direction to tilt an assembly in accordance with the present invention. 

[0019] FIGURE 14 shows schematically an exemplary embodiment of signal processing 
circuitry to process roll and pitch differential capacitors in accordance with the present invention. 

DETAILED DESCRIPTION 

[0020] FIGURE 1 A shows a block diagram of a capacitive based leveling apparatus, which 
may be used to level an associated reference surface, in accordance with the present invention. 
According to some embodiments of the present invention, a capacitive sensor 1000 cooperates 
with an actuator 2000 to adjust the orientation of the reference surface. The capacitive sensor 
1000 includes one or more capacitors with variable capacitances. If the capacitive sensor 1000 
senses a change or a difference in a capacitor's capacitance, the capacitive sensor 1000 may 
generate an actuator input signal. 

[0021] FIGURE IB shows a cross-sectional view of a self-leveling device 50 according to 
some embodiments of the present invention which includes the FIGURE 1 A device. The self- 
leveling device 50 includes a reference surface 52 and a base 53, which rests against the external 
surface 5 1 . The external surface 5 1 may be a table, tripod or other support and typically is not 
level. The self-leveling device 50 also includes a body 54 pivotally coupled to the base 53, a 
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pendulum 55 suspended in the body 54, an actuator 2000, bellows 57, and a pivot point 58. The 
self-leveling device 50 may rest on a non-level external surface 51 but still provides a level 
reference surface 52 for a laser source or other precision instrument requiring a level reference 
plane. The reference surface 52 is fixed to the body 54 such that when the body 54 is moved, the 
reference surface 52 also moves. The pivot point 58 may be provided by a point connection, as 
shown, or other pivoting assembly such as a gimbal assembly. The flexible bellows 57 prevent 
debris from entering and interfering with motion of the actuator 2000 and flexibly couples base 
53 to the reference surface 52 and body 54. In operation, the capacitive sensor 1000 (which 
includes pendulum 55 and body 54) detects a capacitance formed between the body 54 and the 
pendulum 55. If the capacitance detected indicates that the reference surface 52 is not level, the 
actuator 2000 lifts or lowers a point of the body 54 until the reference surface 52 becomes level. 
These may be more than one actuator 2000 provided. 

[0022] In general, the actuator input signal from sensor 1000 may be used by the actuator 
2000 to adjust the associated reference surface to a more level position. The reference surface 
provides a desired orientation, which may be orthogonal to, or alternatively, in line with, or at 
some other predetermined offset from the direction of the Earth's gravitational pull. The 
reference surface thereby provides a reference line or reference plane that may be used to support 
a light emitting device so as to orient a direction of emission from the light emitting device. The 
reference surface may define a reference line with two light reference points. Alternatively, the 
reference surface may define a reference plane with three reference points. Other reference 
surfaces define a reference plane with a planar surface, which may be made substantially flat by 
machine tooling. 

[0023] Actuator 2000 physically adjusts an orientation of the reference surface. Actuator 
2000 may include a stepper motor or other motor and a driving mechanism such as a lead screw, 
jack screw or rack and pinion system. Adjustment of a reference surface 52 to provide a 
reference line may use a single-axis actuator 2000. Adjustment of a reference 52 surface 
providing a reference plane may use a dual-axis version of actuator 2000. Each axis may be 
independently controlled to set an axial orientation of a plane. To orient a reference surface, the 
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actuators may lift or lower the reference surface relative to one or more points of the reference 
surface. 

[0024] When an actuator 2000 receives an actuator input signal from a capacitive sensor 
1000, the actuator 2000 may rotate or otherwise alter the orientation or relative position of the 
reference surface towards a predetermined position. The predetermined position of the reference 
surface may be, for example, a level position orthogonal to the Earth's gravitational pull. In some 
embodiments, in response to an actuator input signal, a stepper motor activates a rack and pinion 
system to rotate a reference surface about a pivot point. In some embodiments, a gimbal 
assembly holds a structure having a body, a reference surface and a pendulum. Two motors, one 
for each axis, may be used to lift and lower the structure about a pivot point of the gimbal 
assembly to adjust the relative orientation of the reference surface. 

[0025] An iterative process may be used to incrementally adjust a reference surface to a 
predetermined position. With each iteration, the reference surface may move an incremental step 
closer to the predetermine position. Alternatively, variable sized steps may be used whereby the 
capacitive sensor 1000 measures a total error offset, then instructs the actuator 2000 to correct for 
the total measured error. Alternatively, the process may be a continuous process whereby the 
capacitive sensor 1000 continuously provides an actuator input signal to the actuator 2000 and 
the actuator 2000 continuously adjusts the reference surface until the reference surface arrives 
within predetermined tolerances at the predetermined position. 

[0026] In some embodiments, a capacitive based level may be used to set a reference line 
towards a predetermined position relative to the gravitational pull of the Earth. In these 
embodiments, an actuator 2000 may have a single-axis of freedom, thereby only utilizing a single 
actuator mechanism. In other embodiments, a capacitive based level may be used to set a 
reference surface towards a predetermined position, rather than just a reference line. In these 
embodiments, an actuator may have two-axes of freedom, thereby utilizing a dual-actuator 
mechanism. 

[0027] FIGURE 2 shows a block diagram of a capacitive sensor 1000 in accordance with the 
present invention. The capacitive sensor 1000 includes a pendulum-capacitor assembly 100 and 
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signal processing circuitry 400. The pendulum-capacitor assembly 100 includes one or more 
conductive body electrodes and a suspended pendulum having one or more conductive pendulum 
electrodes. A conductive pendulum electrode and a conductive body electrode positioned 
electrically apart and parallel from the conductive pendulum electrode form a capacitor. The 
material between the capacitor electrodes may be air or other suitable dielectric material. 

[0028] Relative movement of the pendulum and body may alter capacitance of a capacitor 
formed by the pendulum and body electrodes. The signal processing circuitry 400 may sense a 
capacitance or alternatively may sense a difference in capacitances. The signal processing 
circuitry 400 then generates and provides an actuator input signal used by the actuator 2000 to 
level the reference surface. 

[0029] As is well known, by altering one or more parameters of a two-plate capacitor, the 
capacitor's capacitance may be changed. For example, capacitance decreases (or increases) by 
increasing (or decreasing) the distance between the two plates of a capacitor. Capacitance may 
decreases (or increases) by decreasing (or increasing) the effective plate area. Still, capacitance 
may decreases (or increases) by decreasing (or increasing) the effective dielectric constant of the 
material between the plates. The following analysis illustrates the relative effect in changing 
various parameters of a capacitor. 

[0030] Capacitance of a capacitor having two parallel plates separated by a dielectric is given 
KA 

by: C = 0.224 * — (eq. 1); where C is the capacitance expressed in picofarads [pF], AT is a 
d 

unitless measurement of the dielectric constant of the material separating the parallel plates, A is 
the plate area of one side measured in square inches [in 2 ], and d is the distance that separates the 
plates measured in inches [in]. One possible dielectric material is air, which by definition has a 
dielectric constant of K = 1 . Other dielectric materials include mica (K = 2.6 to 3.2 ), glass silica 
( K = 3.8 ), glass ( K = 3.7 to 10) and oil (K = 2.1 to 5.3 ). A typical value for a plate area is 
A = l in 2 . A typical value for plate separation is d = 0.05 in . A typical dielectric is air, which 
has a value of K = 1 . These typical values result in a capacitor having a capacitance of 
C = 4.48 P F. 
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[0031] To determine what independent parameter (A, d y K) most influences the capacitance of 
a parallel plate capacitor, one may take and compare a series of partial derivatives with respect to 
each variable parameter. Comparing the partial derivatives highlights a relative sensitivity of a 
capacitor's capacitance due to an incremental change of the compared independent variables. A 
ratio having a large magnitude, e.g., of 20, shows an advantage of varying the capacitive gap 
rather than the plate area or dielectric constant to sense angular change with a mechanical 
pendulum. 

[0032] FIGURE 3 shows a cross-sectional diagram of a pendulum-capacitor assembly 100 of 
a capacitive sensor 1000 in accordance with the present invention and using the above 
mechanical pendulum approach to vary the gap. The assembly 100 includes a pendulum 10 
having a mass 1 1 suspended by a suspension material 12 at a pivot point 13. The assembly 100 
also includes a pair of conductive body electrodes 101, 102. The conductive body electrodes 101, 
102 may have electrical contacts, Ra 301 and Rb 302, respectively. In some embodiments, the 
assembly 100 also includes one or more stops 20. The stops 20 limit the range of motion in which 
the pendulum 10 may swing. 

[0033] In some embodiments, the suspension point 13 for the pendulum 10 and the body 
electrodes are fixed relative to one another. In some embodiments, the pendulum mass 1 1 is 
suspended via a spring 12 having performance characteristics that allow the mass 1 1 to swing 
freely while also providing an electrical connection to the mass 1 1 . To prevent electrical shorting 
of the capacitor electrodes or damage to assemble 100, the stops 20 may be positioned to 
physically block contact between the pendulum mass 1 1 and body electrodes 101, 102. In some 
embodiments, the body electrodes or pendulum electrodes have an insulating coating at areas 
where the pendulum and body electrodes might otherwise make contact. 

[0034] In some embodiments, a pendulum 10 swings within the body of the assembly 100 
relative to body plates 101, 102. The pendulum 10 comes to rest at a center position (shown with 
dotted lines) when the assembly 100 is in a static upright position. The distance between a body 
electrode body 101, 102 and a pendulum 10 plate is shown as di. In an exemplar slightly tilted 
position, the distance between one body electrode 101 and an electrode of the pendulum 10 has 
decreased to &i and the distance between the other body electrode 102 and an electrode of the 
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pendulum 10 has increased to d3. As the distance d2 decreases, the capacitance of the capacitor 
formed by electrode 102 and the pendulum 10 increases. Similarly, as the distance d3 increases, 
the capacitance of the capacitor formed by electrode 101 and the pendulum 10 decreases. 

[0035] FIGURES 4A through 4F show plan views of various capacitive sensors in 
accordance with the present invention. In some embodiments, a pendulum-capacitor assembly 
100 includes one capacitor for each axis of operation and may operate along one axis or two axes. 
For each axis, a capacitor is positioned to detect a degree of tilt relative to that axis and Earth's 
gravitational pull. For example, a pendulum-capacitor assembly 100 including one capacitor may 
be used to align a single axis actuator 2000. The signal processing circuitry 400 senses the 
capacitance or changes in the capacitance of the single capacitor to generate the actuator input 
signal. Alternatively, a pendulum-capacitor assembly 100 includes a second capacitor used to 
align the level along a second axis. The signal processing circuitry 400 generates an actuator 
input signal for the first axis by sensing the capacitance or changes in the first capacitance and 
generates a second actuator input signal for the second axis by sensing the capacitance or changes 
in the second capacitance. For each conductive body electrode, a pendulum mass 1 1 has a 
corresponding conductive pendulum electrode. The pendulum mass 1 1 may be metallic or 
covered or partially covered with a conductive surface material, which thereby acts as a 
corresponding conductive pendulum electrode. The pendulum electrodes may be electrically 
connected to provide a common electrical potential and to form a common electrode of the 
capacitors. 

[0036] FIGURE 4A shows a capacitive sensor with a single capacitor having two electrodes. 
The first electrode 101 A is a conductive surface and may be fixed to a housing or a body of the 
level. The second electrode 101B is a conductive surface fixed on the pendulum mass 1 1 and is 
allowed to swing with the pendulum mass 1 1 . If the capacitor's capacitance is known when the 
pendulum is upright and square, this capacitance value may be used as a reference capacitance 
value. When the sensor is tilted, the capacitance changes away from the reference value. By 
comparing the reference value to the measured capacitance, a tilt may be determined and an 
actuator input signal may be generated. The electrodes 101 A, 101B, as shown here, may be 
curved in cross-section. 
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[0037] In some embodiments, a pendulum has separate conductive surfaces or subsurfaces. 
The conductive surfaces are comprised of electrically connected conductive areas or alternatively 
comprised of electrically isolated pieces of conductive material not directly electrically 
connected. Alternatively, a pendulum-capacitor assembly 100 includes a pair of capacitors for 
each axis of operation. Two pairs of capacitors operate along two axes. For each axis, a pair of 
capacitors is positioned to detect a degree of tilt relative to that axis and Earth's gravitational 
pull. For example, a pendulum-capacitor assembly 100 including a differential pair of capacitors 
may be used to align a single axis actuator 2000. The signal processing circuitry 400 generates 
the actuator input signal by comparing the capacitances of each of the differential pair of 
capacitors. Similarly, a pendulum-capacitor assembly 100 may include a second differential pair 
of capacitors used to align the level along a second axis. The signal processing circuitry 400 
generates an actuator input signal for the first axis by sensing the capacitances of the first 
differential pair of capacitors and generates a second actuator input signal for the second axis by 
sensing the capacitances of the second differential pair of capacitors. 

[0038] FIGURE 4B shows a pair of capacitors at opposing sides of a pendulum mass 1 1 . 
Each capacitor has a first electrode 101 A, 102 A fixed on the body of the sensor and a second 
electrode 101B, 102B fixed on the pendulum mass 1 1. As the pendulum swings between the first 
electrodes 101 A, 102 A, the second electrodes 10 IB, 102B on the pendulum mass 1 1 move closer 
to or farther from its corresponding first electrode 101 A, 102 A. As the distances change, the 
capacitances also change. When the pendulum mass 1 1 is in a center position, the distances 
between each capacitor's electrode pairs 101 A & 101B, 102A & 102B are equal resulting in the 
pair of capacitors have equal capacitances. When the pendulum mass 1 1 is closer to a first side, 
the capacitor on that side will have greater capacitance. The signal processing circuitry 400 may 
detect an absolute capacitance of each capacitor. Using the absolute capacitances, the circuitry 
400 may generate an actuator input signal. Alternatively, circuitry 400 treats the pair of 
capacitors as a differential pair of capacitors. The circuitry 400 may detect a differential in 
capacitance between the pair of capacitors, rather than absolute capacitances. 

[0039] FIGURE 4C shows a pair of capacitors at opposing sides of a pendulum mass 1 1 . The 
first capacitor is comprised of an electrode 101 A fixed to the body and a second electrode 101B 
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fixed to the pendulum. The second capacitor is comprised of an electrode 102 A fixed to the body 
and a second electrode 102B fixed to the pendulum. The second electrodes 101 A, 102 A are 
shown as electrically connected thereby sharing a common electrode potential. A "common 
electrode" reduces the number of electrical connections between a pendulum-capacitor assembly 
100 and the signal processing circuitry 400. 

[0040] In some embodiments, groups of capacitors are positioned around a pendulum at 
angles that are less than 180 degrees. In some embodiments, three capacitors are evenly 
distributed around a pendulum at 120 degree center spacings. In some embodiments, four 
capacitors are positioned around a pendulum at 90 degree center spacings. Each capacitor has a 
body electrode and a pendulum electrode separated by a varying distance. A suspended mass 1 1 
may act as a common electrode shared for all of the pendulum-side electrodes. 

[0041] FIGURE 4D shows a two-axis capacitor assembly 100. The sensor includes three 
capacitors positioned at 120 degree center spacings: a first capacitor formed between electrodes 
101 A and 105; a second capacitor formed between electrodes 102 A and 105; and a third 
capacitor formed between electrodes 103 A and 105. To level a surface, tilt along two axes may 
be measured. Using three capacitors centered approximately 120 degrees apart from one another, 
the signal processing circuitry 400 compares the relative capacitances of the three or more 
capacitors to determine a proper actuator input signal to correct the surface's tilt. 

[0042] Additionally, FIGURE 4D shows a pendulum mass 1 1 having a conductive surface 
105. Each of the one or more body electrodes 101 A, 102 A, 103 A has a conductive surface or 
subsurface. For each of the one or more conductive body electrodes 101 A, 102 A, 103 A, the 
pendulum has a corresponding conductive area that acts as the pendulum electrode 105. In some 
embodiments, the pendulum is formed from a material having a conductive surface, which 
thereby acts as the one or more pendulum electrodes. The conductive surface is used as a 
common pendulum electrode for each of the capacitors. In this configuration, the capacitors share 
a common electrode potential. 

[0043] In some embodiments, capacitors at 180 degree spacings are paired. A first pair of 
body electrodes along with the common electrode form two capacitors that may be used to detect 
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roll rotation. A second pair of body electrodes along with the common electrode form two 
capacitors (orthogonal to the first pair) that may be used to detect pitch rotation. With the mass 
1 1 equidistant from either roll body electrodes, the capacitance formed by the common electrode 
of the mass 1 1 and each of the roll body electrode will be equal. As the mass 1 1 changes position 
relative to the roll electrode, the capacitance from one electrode relative to the mass will increase 
and while the other capacitance decreases. An equivalent description applies to pitch rotation. 

[0044] FIGURES 4E and 4F show respectively plan and electrical schematic diagrams of a 
pendulum-capacitor assembly 100 of a capacitive sensor 1000 in accordance with the present 
invention. The assembly 100 includes first differential pair of capacitors 201, 202 and second 
differential pair of capacitors 203, 204 used to align a level along both a first axis and a second 
axis respectively. The first axis may be roll, while the second axis may be pitch. Body electrodes 
101-104 placed around the pendulum mass 1 1 in conjunction with one shared common electrode 
105 define the four capacitors 201-204. The pendulum electrode 105 may have an electrically 
conductive interface point COMMON 305. The body electrodes 101-104 may be curved or 
otherwise arced to follow a contour of the pendulum mass 1 1 . 

[0045] Each of the conductive body electrode 101-104 is nearby a pendulum electrode 105, 
thereby forming a capacitor. Capacitor Crs (see FIGURE 4F) 201 has a first conductive surface 
(body electrode 101) and may have an electrical conductive interface Ra 301. Capacitor C R b 202 
has a first conductive surface (body electrode 102) and may have an electrical conductive 
interface Rb 302. Capacitor Cp a 203 has a first conductive surface (body electrode 103) and may 
have an electrical conductive interface Pa 303. Capacitor Cpb 204 has a first conductive surface 
(body electrode 104) and may have an electrical conductive interface Pb 304. A second 
conductive electrode 105 of the capacitors is provided by a conductive pendulum mass 11. 

[0046] In some embodiments, two differential pairs of capacitors act to identify positioning 
of the pendulum 10 relative to the assembly 100. A first differential pair of capacitors (to identify 
roll) is defined by a first capacitor C^ 201 and a second capacitor C R b 202. A second differential 
pair of capacitors (to identify pitch) is defined by a first capacitor Cp a 203 and a second capacitor 
Cp b 204. The first differential pair of capacitors may be positioned on opposite sides of the 
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pendulum. The second pair of differential pairs may be positioned orthogonal to the first pair 
such that one differential pair detects roll and a second differential pair detects pitch. 

[0047] In some embodiments, each capacitor has an equal capacitance when the assembly 
100 is in a perpendicular upright orientation. In an upright orientation, the body electrodes 101- 
104 rest in line with the Earth's gravitational pull. If the sides of the mass 1 1 are also in line with 
the Earth's gravitational pull, there exists a uniform gap between the mass 1 1 and each body 
electrodes 101-104. This uniform gap results in equal capacitances for the capacitors. If the 
assembly is tilted such that it is no longer in line with the Earth's gravitational pull, unequal gaps 
may result between the mass 1 1 and body electrodes 101-104. The unequal gaps cause a 
capacitive differential that may be electronically sensed and used to determine the degree of tilt 
of two axes. 

[0048] The assembly 100 may be configured in a variety of ways. In some embodiments, the 
mass 1 1 is a cylinder and the body electrodes 101-104 are semi-circular plates as illustrated in 
FIGURE 4E. A cylinder shaped mass 1 1 does not require any special rotational or vertical 
alignment with relationship the body electrodes 101-104 during manufacturing. There may be a 
slight cross-axis coupling, however, between pitch and roll due to the circular geometry. 

[0049] In some embodiments, the mass 1 1 is spherical and the body electrodes 101-104 are 
semi-spherical shaped. A spherical mass 1 1 does not require rotational alignment but does require 
vertical alignment. In other embodiments, the mass 1 1 is block shaped and the body electrodes 
101-104 are rectangular shaped plates. With a block mass 1 1 and flat plate electrodes 101-104, 
there may be very little cross-axis coupling. Additionally, the block mass 1 1 does not require 
horizontal alignment but it must be rotationally aligned with the plate electrodes 101-104 to 
inhibit yaw rotation. Inhibiting yaw rotation restricts rotational motion about the vertical axis of 
the mass 1 1 and provides that each vertical side of the mass 1 1 remains parallel with a 
corresponding body plate electrode 101-104. 

[0050] A linear operational angular range of the assembly 100 is established by weight and 
dimensions of the mass 1 1, the dimensions and positioning of the body electrodes 101-104, the 
axial deflection coefficient of the suspension spring 12, and the range of free motion of the 
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pendulum 10 relative to the body and any stops 20. The axial deflection coefficient of the spring 
12 is set by the material, heat treating, wire diameter, spring diameter, overall free length and 
pitch. In some embodiment, factors are selected to provide a linear range of ±1° in each axis. In 
other embodiments, a linear range of ± 2° of motion is provided for. In still other embodiments, a 
linear range of ± 3° of motion is provided for. Additionally, the assembly 100 may be 
characterized by its differential capacitance change versus angle of tilt. 

[0051] FIGURES 5 through 7 illustrate perspective views of various embodiments of a 
pendulum-capacitor assembly 100 in accordance with the present invention. In some 
embodiments, the assembly 100 is mounted to a conventional printed circuit board (PCB) (not 
shown) containing signal processing circuitry 400. The PCB may be attached to the bottom of the 
assembly 100. Alternatively, the PCB may be attached to the top of the assembly 100. The 
electrodes 101-104 may have protrusions or fingers that may be used to mechanically and 
electrically connect the assembly 100 to the circuitry 400 of the PCB. 

[0052] FIGURE 5 shows a pendulum-capacitor assembly 100 corresponding to FIGURE 4E 
and configured to accept a PCB on the underside of the assembly 100. For clarity, electrodes 101 
and 104 are partially cut away and housing material is shown removed to expose the interior of 
the assembly 100. Four electrodes 101-104 are configured around a conductive pendulum mass 
11. Electrodes 101 and 102 along with the pendulum mass 1 1 comprise a first capacitive 
differential pair of capacitors. Electrodes 103 and 104 along with the pendulum mass 1 1 
comprise a second capacitive differential pair of capacitors. 

[0053] A common electrical connection is provided from the pendulum mass 1 1 to a metallic 
strap 63. A metallic circular plate 61, containing a threaded metallic stud 62, may be molded into 
a plastic housing. The stud 62 attaches to a spring 12 with the lower end of the spring 12 
attaching to a projecting threaded pin on the top surface of the mass 1 1. A metallic strap 63 
provides electrical connection from the plate 61 to the PCB. An electrical connection is formed 
along the path of the mass 11, spring 12, stud 62, metallic plate 61, and metallic strap 63. The 
metallic strap 63 thereby provides a common electrode to signal processing circuitry 400. 
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[0054] The electrodes 101-104 each optionally define an anchor hole 17, which allows plastic 
housing material to flow into the hole during manufacturing. During injection molding, for 
example, the anchor holes 17 fill thereby providing a firm mechanical attachment between a 
plastic housing and the electrodes 101-104. 

[0055] FIGURE 6 shows a pendulum-capacitor assembly 100 configured to accept a PCB on 
the upper side the assembly 100. Again for clarity, the housing material and a section of electrode 
104 are not shown. A metallic stud 62 provides both mechanical support for a spring 12 and a 
common electrode for the pendulum mass 1 1 along the spring 12 to signal processing circuitry 
400. 

[0056] FIGURE 7 shows a pendulum-capacitor assembly 100, including housing material, 
configured to accept a PCB on the upper side the assembly 100. Nonconductive housings 30, 31 
provide structural support to the four electrodes 101-104. The nonconductive housings 30, 31 
maybe formed by injection molding of a plastic material. The housings 30, 31 provide rigidity 
for the assembly 100 while electrically insulating the electrodes 101-104 from each other. The 
electrodes 101-104 may terminate in pins extending through the plastic housing 31, thereby 
providing for both mechanical attachment to a PCB and electrical contact to each individual 
electrode 101-104. The stud 62 may provide a common electrode connection to the PCB. 

[0057] The assembly may contain stops to limit vertical, horizontal or rotational movement 
of the pendulum mass 1 1 . Posts 21 protruding down from the upper housing material 31 may 
thereby be used to limit vertical movement of the pendulum mass 11. For example, three posts 21 
may be spaced at 120 degrees apart from each other and may extend down towards the mass 1 1 . 
A small gap below the lower end of the post 21 and the above upper surface of an at-rest 
pendulum mass 1 1 defines a mechanical travel limit in a vertical direction for the mass 1 1 . 

[0058] FIGURE 8 shows a cross-section through a circular mid-point of a pendulum- 
capacitor assembly 100 in accordance with the present invention. A metal stud 62 of, e.g., 
FIGURE 7, may be molded into a plastic housing 31, thereby providing mechanical rigidity and 
support. A spring 12 may be threaded onto the stud 62 and the mass 1 1. A plastic post 22 and a 
hole in the pendulum mass 1 1 may be incorporated to provide mechanical travel limits to the 
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mass 1 1 in both horizontal and downward directions. The plastic post 22, which may be an 
extension of a lower housing 30, extends vertically into the hole in the pendulum mass 11. The 
diameter of the post 22 in relation to the diameter of the hole in mass 1 1 may be set such that the 
mass 1 1 is prevented from making physical contact with any of the electrode plates 101-104, 
thereby limiting the range of motion of the mass 1 1 in the horizontal direction. Similarly, a 
vertical distance between the top of the post 22 and end of the hole in the mass 1 1 may be set to 
limit the vertical range of motion the mass 1 1 . The post 22 thereby limits motion of the mass 1 1 
within the assembly 100 in both horizontal and vertical directions preventing damage that could 
otherwise occur as a result of high mechanical shock. 

[0059] When incorporated as part of the device, signal processing circuitry 400 may be 
formed on a PCB. The PCB may be mounted under or over the assembly 100, as described 
above. Alternatively, the PCB may be mounted to the side of the assembly 100 or may be 
separately mounted. 

[0060] In some embodiments, signal processing circuitry 400 senses a capacitance or 
alternatively, a difference in capacitances in the pendulum-capacitor assembly 100. As a result of 
processing, the signal processing circuitry 400 may generate one or more actuator input signals. 
To level a surface with respect to two orthogonal axes to a horizontal or near horizontal plane, 
both roll and pitch changes may*be detected and processed by signal processing circuitry 400. 
Signal processing circuitry 400 may have a combination of shared circuitry and symmetrical 
circuitry for roll and pitch processing. For simplicity, the following description describes 
detection and correction by circuitry 400 for roll angular offset. An equivalent description 
describes detection and correction for pitch angular offset. 

[0061) FIGURES 9 A and 9B are waveform diagrams that show respective potentials across a 
differential pair of capacitors and CRb as the capacitors charge from a discharged state. In this 
example, a distance between the pendulum mass 1 1 and an Ra plate 101 is greater than a distance 
between the pendulum mass 1 1 and an Rb plate 102. The greater distances results in capacitor 
Crb having a smaller capacitance value than capacitor C R b. Since capacitor CR a has a smaller 
capacitance, its resulting charge time, shown as T_Ra, is shorter than the charge time, shown as 
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T_Rb, for capacitor Cr^ The difference in charge time may be indicated as Delta_T = T_Rb - 
T_Ra. 



[0062] FIGURE 10 illustrates in a flow chart a method to determine which direction to tilt an 
assembly 100. In 501, the differential pair of capacitors is discharged such that the potential 
across each capacitor CRa and CRb is zero volts. In 502, charging of the capacitors Crs and C R b 
begins. An equal amount of charge per unit time is provided to each capacitor. A capacitor 
having a lower capacitance will charge first, which indicates that its electrodes are farther apart. 
Within a predetermined duration a time, each capacitor charges to a MAX voltage value. 

[0063] The amount of time for capacitor Crs to charge is labeled TJla. The amount of time 
for capacitor CRb to charge is labeled T_Rb. In 503, a determination is made as to which 
capacitor charged and reached its maximum first. One way to determine which capacitor charged 
first is to observe the sign of Delta_T, which is the difference between T_Rb and T_Ra. In 
optional 504, it is determined whether the capacitors charged within a small predetermined 
duration of time. If so, the pendulum is assumed to be within tolerances of an upright and square 
orientation. No tilting action is taken. In 505, it is determined which of the two capacitors 
charged to a value first. If capacitor Crh charged first, it had a shorter charge time, thus a lower 
capacitance and a greater electrode distance. As shown in 506, if CRa charged first, the circuitry 
400 may indicate a direction of tilt, which may be used to generate a command to tilt the 
assembly towards CRa. This action presumably decreases the distance between the capacitor 
plates of CRa thereby increasing its capacitance and bringing the assembly 100 to a more upright 
and level position. On the other hand, if capacitor C R b charged first it had the shorter charge time, 
thus a lower capacitance and a greater electrode distance. As shown in 507, if CRb charged first 
and Crs charged second, the circuitry 400 may indicate a direction of tilt, which may be used to 
generate a command to tilt the assembly towards CRb. This action presumably increases the 
distance between the capacitor plates of Cr e thereby decreasing its capacitance and brings the 
assembly 100 to a more upright and level position. The process may be repeated iteratively and 
indefinitely to incrementally bring the reference surface to a level orientation. Alternately, the 
process may be repeated for a set duration of time, until a time out occurs, until a user disables 
the circuitry 400, or until the capacitors fully charge at approximately the same time. 



16 



[0064] Two differential pairs of capacitors may be included in assembly 100; one pair to 
detect roll and an orthogonal pair to detect pitch. Signal processing circuitry 400 operable with 
two differential pairs of capacitors operates as described above with the addition of second 
similar process. In some embodiments, signal processing circuitry 400 determines a direction, 
and not a magnitude, in which to rotate about a pitch or roll axis. 

[0065] FIGURE 1 1 shows an example embodiment of the signal processing circuitry 400 for 
processing roll and pitch signals from differential capacitors using the method of FIGURE 10. 
Signal processing circuitry 400 includes comparison circuitry 401 for roll detection, comparison 
circuitry 402 for pitch detection, and a microprocessor 450 or other control circuitry to monitor 
the comparison results and issue resulting actuator input signals (Detail of circuitry 401, 402 is 
shown below). Comparison circuitry 401 may be electrically coupled to a first pair of differential 
capacitors oriented to detect offsets in roll Similarly, comparison circuitry 402 may be 
electrically coupled to a second pair of differential capacitors oriented to detect offsets in pitch. 

[0066] Comparison circuitry 401 determines whether the capacitor between Ra 301 and 
COMMON 305 has a greater capacitance than the capacitor between Rb 302 and COMMON 
305. Comparison circuitry 401 provides an indication to a microprocessor 450 of the roll offset. 
The indication may be an indication of a difference in capacitance between the first pair of 
differential capacitors. Alternatively, the indication may be simply a determination of which 
capacitance is larger. The microprocessor determines, based on the comparison results, or 
alternatively based on a series of comparison results taken over a period of time, whether to 
generate an actuator input signal that instructs the actuator to tilt towards plate Ra or to tilt 
towards plate Rb. 

[0067] Similarly, comparison circuitry 402 determines whether a capacitor between Pa 303 
and COMMON 305 has a greater capacitance than a capacitor between Pb 304 and COMMON 
305. Comparison circuitry 402 provides an indication to a microprocessor 450 of the pitch offset. 
The indication may be an indication of a difference in capacitance between the second pair of 
differential capacitors. Alternatively, the indication may be simply a determination of which 
capacitance is larger. The microprocessor determines, based on the comparison results, or 
alternatively based on a series of comparison results taken over a period of time, generates an 
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actuator input signal that instructs the actuator to tilt towards plate Pa or to tilt towards plate Pb 
as in FIGURE 10. 



[0068] In some embodiments, signal processing circuitry 400 determines a difference in 
capacitance between a pair of differential capacitors thereby determining both a direction and a 
magnitude to rotate about a pitch or roll axis. 

[0069] FIGURES 12A and 12B are waveform diagrams that show respective potentials 
across a differential pair of capacitors Cra and CRb as the capacitors charge. In this example, a 
distance between the pendulum mass 1 1 and the Ra plate 101 is greater than a distance between 
the pendulum mass 1 1 and the Rb plate 102. The greater distances results in the capacitor CRa 
having a smaller capacitance value. Since capacitor CRa has a smaller capacitance, its resulting 
total charge time, shown as T_Ra2, is shorter than the total charge time, shown as T_Rb2, for the 
capacitor CRb. FIGURE 12A shows a waveform diagram where the potential across Cr^ equals 
DAC(i) at time T_Ral, and the potential equals MAX at time T_Ra2. DAC(i) is a parameter that 
may vary with each successive iteration of a process that determines relative capacitances. 

[0070] FIGURE 12B shows a waveform diagram where the potential across C Rb equals a 
reference voltage REF at time T__Rbl, and the potential equals MAX at time T_Rb2. The voltage 
reference REF may be set to one-half of MAX. The difference between T_Rbl and T_Ral is 
shown as Delta_T = T_Rb - T_Ra. An iterative process may be used to adjust the value of 
DAC(i) in order to drive DeltaJT towards zero. DAC(i) may be initialized to an initial value of 
DAC(0) = REF. After a series of iterations T, Delta_T will be approximately zero and the 
resulting difference between DAC(i) and REF will indicate a relative difference in capacitances 
between the differential pair of capacitors. Therefore, a final value for DAC(i) may be a voltage 
value of CRa at the time the voltage on CRb passes through a REF level. 

[0071] FIGURE 13 illustrates a method as carried out by the microprocessor 450 to 
determine a magnitude and a direction to tilt an assembly 100. To determine the relative 
capacitances of the differential pairs of capacitors, DAC(i) is iteratively adjusted until T_Ral 
substantially coincides with T_Rbl. First in 511, a DAC(i) parameter is initialized. The 
parameter DAC(i) may be initialized to an initial value of DAC(0) = REF. Alternatively, DAC(i) 
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may be initialized to an initial value stored in non-volatile memory. The value stored in non- 
volatile memory may be set during factory calibration as a value representing a level position. 

[0072] In 512, an optional looping to repeat execution of 513 and 514 begins. The looping 
may result in a discharging and charging cycle to occur a number of times to develop reliable 
statistics in order to more precisely determine characteristics of the capacitors. Alternatively, only 
a single execution of 513 and 514 occurs before continuing processing. In 513, the differential 
pair of capacitors is discharged such that the potential across each capacitor CRa and C Rb is zero 
volts. In 514, charging of the capacitors and begins. An equal amount of charge per unit 
time is provided to each capacitor. A capacitor having a lower capacitance will charge first. 
Within a predetermined duration a time, Crs will charge above the variable DAC(i) level and C R b 
will charge above the constant REF level. For each loop through 513 and 514, a count may be 
kept to record the number of times one capacitor reached its comparison value before the other 
capacitor reaches its comparison value. For example, if the loop cycles through 513 and 514 
sixty- four times, the number of times that CRa reached DAC(i) before C R b reached REF may be 
counted. 

[0073] In 515, a determination is made as to which capacitor charged to its comparison value 
first: CRa charged above DAC(i) level or C R b charged above REF. If looping occurred in 512, the 
count of the number of times one capacitor reached its comparison value first may be compared 
to the number of iterations occurred by looping. For example, if DAC(i) was reached 58 out of 64 
times before REF was reached, then it may be generally concluded that DAC(i) occurs before 
REF at the present angle of tilt. In some embodiments, if the looping determines that DAC(i) 
occurs first for at least 75% of the loop iterations, then the DAC(i) is presumed to occur first. If 
the looping determines that DAC(i) occurred first for less than 25% of the loop iterations, then 
the DAC(i) is presumed to occur second. If DAC(i) occurred first between 25% and 75%, then it 
is presumed that the time that CRa had a voltage value of DAC(i) was the same time that CRb had 
a voltage value of REF. Of course other lower and upper thresholds may be used besides the 
example 25% and 75% described above. 

[0074] In 516, a choice is made based on which occurred first. If the Crs reached DAC(i) 
before C Rb reached REF, then in 5 17 the next DAC value DAC(i+l) is assigned a value that is 
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decreased from the current DAC value DAC(i). If the Cr^ reached DAC(i) after CRb reached 
REF, then in 518 the next DAC value DAC(i+l) is assigned a value that is increased from the 
current DAC value DAC(i). 



[0075J In a case that the DAC values changes, in an optional 520, a determination is made 
whether next DAC value is an extreme value. An extreme value of the DAC may indicate that the 
degree of tilt is beyond the bounds of the sensor and that a tilt command is necessary. If the DAC 
value has not reached an outside boundary, the new DAC value is used again starting with 512. 
The process continues until DAC(i) is driven to a value that causes Crs to reach DAC(i) at 
approximately the same time that C^ reaches REF. 

[0076] If in 5 16 it was determined that reached DAC(i) at approximately the same time 
that CRb reached REF, in 519 an angle of tilt may be determined. When the time difference is 
approximately zero (DeltaJT^O), the magnitude of the tilt may be determined by calculating a 
voltage difference DeltaV = DAC(i) - REF. Each DAC incremental value may be equated to an 
incremental angle of tilt. The magnitude of Delta_V is indicative of the difference in capacitance 
between the differential pair of capacitors. The sign of DeltaJV indicates the direction to tilt, 
either towards Ra or Rb. An angular value of the tilt may be provided. In some embodiments, a 
single indicative of the tilt is used to generate a tilt command, e.g., to electro-mechanical 
actuators. 

[0077] The process may be repeated indefinitely. Alternately, the process may be repeated 
iteratively until both DeltaJT and DeltaJV are driven to zero. Once Delta_T and Delta_V are 
driven within predetermined tolerances of zero, the pendulum is presumed to be within tolerances 
of an upright and square orientation. No further tilting reporting or action is taken. Alternately, 
the process may be repeated for a set duration of time, until a time out occurs, or until a user 
disables the circuitry 400. 

[0078] FIGURE 14 shows schematically an exemplary embodiment of the signal processing 
circuitry 400 to process roll and pitch differential capacitors. Signal processing circuitry 400 
includes comparison circuitry 401 for roll detection, comparison circuitry 402 for pitch detection, 
and a microprocessor 450 or other control circuitry to monitor comparison results and issue 
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actuator input signals. Comparison circuitry 401 may be electrically coupled to a first pair of 
differential capacitors oriented to detect offsets in roll. Similarly, comparison circuitry 402 may 
be electrically coupled to a second pair of differential capacitors oriented to detect offsets in 
pitch. 

[0079] Comparison circuitry 401 determines the relative capacitances of a capacitor between 
Ra 301 and COMMON 305 and a capacitor between Rb 302 and COMMON 305. Comparison 
circuitry 401 provides an indication to a microprocessor 450 of the roll offset. The indication may 
indicate a difference in capacitance between the first pair of differential capacitors. The 
microprocessor 450 determines, based on the comparison results, or alternatively based on a 
series of comparison results taken over a period of time, an angular tilt value. The angular tilt 
value may be used to generate an actuator input signal that instructs the actuator to tilt towards 
plate Ra or to tilt towards plate Rb by a calculated angular amount. 

[0080] Similarly, comparison circuitry 402 determines whether a capacitor between Pa 303 
and COMMON 305 has a greater capacitance than a capacitor between Pb 304 and COMMON 
305. Comparison circuitry 402 provides an indication to a microprocessor 450 of the pitch offset. 
The indication may be an indication of a difference in capacitance between the second pair of 
differential capacitors. The microprocessor determines, based on the comparison results, or 
alternatively based on a series of comparison results taken over a period of time, an angular tilt 
value, which may be used to generate an actuator input signal that instructs the actuator to tilt 
towards plate Pa or to tilt towards plate Pb by a calculated angular amount. 

[0081] The sensor assembly electrodes 301-304 are each connected to a respective current 
source 424-427 and to a respective shorting switch 428-431. Alternatively, each of the electrodes 
301-304 may be connected to one end of a respective resistor (not shown). The other end of the 
resistor may be switched between COMMON to discharge the capacitor and Vcc to charge the 
capacitor. In these embodiments, the discharging time occurs over a longer period of time than 
the charging time to insure complete discharge of the capacitors before the next charge cycle 
begins. For example, discharging may occur during 15/16 ths of a discharge/charge period and the 
charging may occur during the remaining 1/1 6 th of the period. 
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[0082] With all switches 428-431 closed, the voltages of signals 301-304 will be zero. The 
microcontroller or microprocessor 450 outputs an excitation signal to buffer 453 to open all four 
switches simultaneously. The current sources 424-427, all identical, begin to charge the 
capacitive elements of the sensor. The four signal lines 301-304 from the sensor rise linearly with 
respect to the line's capacitance. Each signal 301-304 drives a first input of a respective 
comparator 432-435. Comparators 432-435 may be high input impedance comparators, e.g., 
CMOS comparators. 

[0083] To determine the degree of roll rotation, a differential capacitive signal pair, such as 
301 and 302, drives its respective comparators 432, 433. Comparator 432 has a second input 
driven by digital-to-analog converter (DAC) generated signal 451. Comparator 433 has a second 
input tied to voltage reference REF 452. 

[0084] When the linearly rising voltage at 301 equals the analog output signal from DAC 
451, the comparator 432 has an output that changes state. Likewise, when signal 302 equals the 
voltage reference REF 452, an output of comparator 433 also changes state. The outputs of 
comparators 432 and 433 drive a clock input and a data input of d-type flip-flop 444, 
respectively. The flip-flop 444 has a Q output equal to either 1 or 0 depending on whether the 
data input was a 1 or 0 when the clock input changed state. Thus, the output of flip flop 444 will 
assume a logic state dependent upon which capacitor charged faster. This logic state is provided 
to the microprocessor 450 to provide a measure of the direction from level the sensor electrode 
pair is currently positioned with respect to roll axis. 

[0085] To determine the degree of pitch rotation, a second electrode pair 303, 304 similarly 
drive comparators 434, 435. A separate DAC 454 provides a DAC value to comparator 434. 
Microprocessor 450 may maintain two DAC values, one for roll calculations and a second for 
pitch calculations. Alternatively, microprocessor 450 may multiplex use of a single DAC. 
Comparator 435 has a second input coupled to REF 454. REF 454 may be the same potential 
provide by REF 452. The outputs of the comparators similarly drive a d-type flip-flop 445. The 
output of flip-flop 445 is provided to the microprocessor 450 to provide an indication of pitch 
offset. 



22 



[0086] After sufficient time has passed for all comparators to change state, the 
microcontroller 450 may change the logic state of the switch signal provided to buffer 453. The 
changed logic state closes the switches 428-431 thus discharging all four sensor capacitive 
electrodes to wait for the next charge-discharge cycle. 

[0087] By adjusting the DAC 45 1 value up and down and monitoring at which point the Q 
output changes, a microprocessor 450 may hone in on the DAC 451 value that causes the 
comparators 432, 433 to change at the same time. This operation of adjusting the DAC value 
until the Q output changes forms a closed loop feedback system. The final difference between the 
DAC voltage and the reference voltage REF 452 indicates the angle of the mass in the pendulum 
with respect to the differential capacitors. 

[0088] As described above, microprocessor 450 drives two separate DACs 451, 454. One 
may be dedicated to roll detection and a second may be dedicated to pitch detection. 
Alternatively, microprocessor 450 may drive a single DAC 451. The microprocessor 450 may 
use a first series of DAC 451 values to detect and correct for roll offset. The processor 450 may 
next use a second series of DAC 451 values to detect and correct for pitch offset. 

[0089] In some embodiments, comparison circuitry 401 processes both roll and pitch offsets. 
During a first time period, inputs 301 and 302 are switched in and processed with a first series of 
DAC values to determine roll offset. During a second time period, inputs 303 and 304 are 
switched in and processed by circuitry 401. By time multiplexing of circuitry 401, both roll and 
pitch may be processed by a single comparison circuit 401. 

[0090] While the present invention has been described with reference to one or more 
particular variations, those skilled in the art will recognize that many changes may be made 
thereto without departing from the spirit and scope of the present invention. Each of these 
embodiments and obvious variations thereof are contemplated as falling within the spirit and 
scope of the claimed invention, which is set forth in the following claims. 
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